Binge alcohol consumption in adolescents is increasing, and studies in animal models show that adolescence is a period of high vulnerability to brain insults. The purpose of the present study was to determine the deleterious effects of binge alcohol on hippocampal neurogenesis in adolescent nonhuman primates. Heavy binge alcohol consumption over 11 mo dramatically and persistently decreased hippocampal proliferation and neurogenesis. Combinatorial analysis revealed distinct, actively dividing hippocampal neural progenitor cell types in the subgranular zone of the dentate gyrus that were in transition from stem-like radial glia-like cells (type 1) to immature transiently amplifying neuroblasts (type 2a, type 2b, and type 3), suggesting the evolutionary conservation of milestones of neuronal development in macaque monkeys. Alcohol significantly decreased the number of actively dividing type 1, 2a, and 2b cell types without significantly altering the early neuronal type 3 cells, suggesting that alcohol interferes with the division and migration of hippocampal preneuronal progenitors. Furthermore, the lasting alcohol-induced reduction in hippocampal neurogenesis paralleled an increase in neural degeneration mediated by nonapoptotic pathways. Altogether, these results demonstrate that the hippocampal neurogenic niche during adolescence is highly vulnerable to alcohol and that alcohol decreases neuronal turnover in adolescent nonhuman primate hippocampus by altering the ongoing process of neuronal development. This lasting effect, observed 2 mo after alcohol discontinuation, may underlie the deficits in hippocampus-associated cognitive tasks that are observed in alcoholics.
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self-administration | binge drinking | hippocampal stem cells | neuronal development | cell death T he teenage or adolescent developmental interval connects childhood with adulthood. Adolescence has been associated with a lack of behavioral maturity and increased experimental curiosity. These behavioral observations are paralleled by a transition state in many aspects of body and brain development. Therefore, it is concerning that binge alcohol consumption in teenagers is on the rise, with a significant percentage (>60%) of individuals vulnerable to developing alcohol use disorders (1, 2) . Studies in animal models confirm that adolescence is a period of high vulnerability, with various developmental, behavioral, neuroendocrine, and pharmacological factors, as well as alcoholinduced neuroplastic and neurodegenerative outcomes, which drive the adolescent's propensity to excessively or compulsively drink alcohol in adulthood (3) (4) (5) (6) (7) (8) .
The hippocampal memory system may be at particular risk for alcoholic insult. One of the neuromodulatory effects of binge alcohol intake is decreased adult hippocampal neurogenesis (9) . Many aspects of the development of adult hippocampal neurons and the integration of their synapses into the preexisting neurocircuitry of hippocampal trisynaptic pathways are still under investigation (10, 11) . What is known are the developmental stages of these newly born adult hippocampal progenitors and their pathway to attain a neuronal phenotype in the adult brain (12, 13) . However, detailed investigation of the different aspects of hippocampal neurogenesis has yet to be completed in the adolescent brain.
There is robust evidence for alcohol-induced reductions in postnatal hippocampal neurogenesis in rodent models (7) , but the underlying mechanisms are still under investigation. Importantly, recent research in young, adolescent, and adult rodents supports the hypothesis that postnatal hippocampal neurogenesis may be associated with alcohol abuse and alcohol dependence (7) . Although direct support for this proposition is not available from human studies, several indirect observations in adolescent alcoholics support the hypothesis. For example, deficits in behavior dependent on the hippocampus, including spatial and working memory, have been observed in adolescent alcoholics (14) (15) (16) . Such deficits in memory in alcoholics suggest morphological and neuroplastic alterations in hippocampal formation after alcohol exposure (17) (18) (19) . Postnatal hippocampal neurogenesis contributes significantly to the morphology and neuroplasticity of hippocampal formation (20) (21) (22) and declines with age (23), suggesting greater susceptibility of the adolescent brain to alcoholism (17) . Although a direct correlation between the duration of alcohol exposure and altered hippocampal morphology and anatomy is unavailable, levels of intoxication (e.g., binge drinking vs. chronic drinking) may be more useful in predicting the neuromodulatory effects of alcohol. Therefore, investigating how chronic binge alcohol consumption affects hippocampal neurogenesis and hippocampal volume in adolescent nonhuman primate models may elucidate the neurobiological mechanisms contributing to the pathology of alcohol addiction in adolescent human alcoholics (24) .
Studies examining alcohol-induced neurobiological alterations in nonhuman primate models have several advantages over rodent models. For example, nonhuman primates are genetically more similar to humans than rodents, exhibit wide cognitive capabilities, readily consume alcohol to the point of intoxication, and are similar to humans in many of the physiological, neuroanatomical, and behavioral systems potentially affected by alcohol (25) . Furthermore, hippocampal neurogenesis has been extensively demonstrated in nonhuman primates (26) (27) (28) (29) (30) and humans (23, (31) (32) (33) , suggesting evolutionary conservation of the phenomenon. Lastly, obtaining postmortem tissue from adolescent human subjects with a clear history of alcohol abuse is difficult, if not impossible, confounding the interpretation of human studies with variables such as the amount of alcohol consumed, the duration of exposure, and concurrent use of other illicit drugs.
Given the benefits of nonhuman models in establishing a causal role of alcohol exposure in producing neuroplastic alterations in adolescent alcohol users, the present study examined the impact of ongoing alcohol exposure on postnatal hippocampal neurogenesis using an adolescent nonhuman primate model. An established monkey model of adolescent alcohol binge drinking was used (34, 35) in combination with published and other unique protocols of histological techniques to determine the cellular mechanisms underlying alcohol-induced alterations in hippocampal neurogenesis.
Results
Alcohol Induction, Maintenance, and Blood Alcohol Levels. The experimental timeline of alcohol induction and consumption and perfusion is shown in Fig. 1A . All seven animals underwent the alcohol induction process, readily consuming all of the alcohol available when the session limit was ≤1.5 g/kg (Fig. 1B) . When the available ethanol was ≥2.0 g/kg/session, animals appeared to titrate their dose, consistent with previous reports from this laboratory (34, 35) . The average daily intake (Fig. 1C ) from the last six sessions (in which 2.0 g/kg was available) was used to rank the animals for group assignment. The alcohol group was thereafter permitted to consume up to 3.0 g/kg alcohol in Tang during 1-h daily sessions and consumed an average of 1.74 g/kg of alcohol per session during the 11-mo maintenance phase (Fig. 1D ). Vehicle solutions of equivalent volume were made available to the control group. Blood samples were obtained on two occasions (1 and 10 mo after assignment to treatment groups) for determination of blood alcohol levels (BALs; Fig. 1E ). Samples were collected 30 min after consumption in a 30-min alcohol session in which all animals (including the controls) had the opportunity to consume 3.0 g/kg alcohol in the standard solution. Blood alcohol levels increased as a function of ethanol consumed (34, 35) .
Alcohol Decreases Hippocampal Neurogenesis in Adolescent Nonhuman
Primates. Between 2 and 2.5 mo after the final alcohol (or vehicle) session, monkeys were immobilized with 10 mg/kg ketamine and 5 mg/kg xylazine and euthanized with 10 mg/kg pentobarbital followed by transcardial perfusion with ice-cold PBS. Brains were hemisectioned, transported on dry ice, and frozen at −80°C. Hippocampal sections from control and alcohol groups [bregma −10.35 to −21.60 mm representing every 30th section (36) 
Decreased Hippocampal Neurogenesis During Adolescence Is Attributable to Distinct Effects on Types of Actively Dividing Hippocampal Progenitors
During Their Initial Phases of Neuronal Development. Using endogenous markers of radial glia-like precursors, proliferating progenitors, and differentiating progenitors, the types of actively dividing SGZ progenitors through initial phases of neuronal development were identified and quantified. For example, K i -67 was used to mark actively dividing type 1, type 2a, type 2b, and type 3 progenitors. Glial fibrillary acidic protein (GFAP) was used as a stem-like marker to distinguish between type 1 and type 2a progenitors (12) , in which type 1 cells express GFAP and type 2 do not. Sex-determining region Y-box 2 (Sox2) was used as a marker to distinguish between preneuronal type 2 and neuronal type 3 progenitors (12), in which type 2 cells express Sox2 and type 3 cells do not. NeuroD1 was used to distinguish type 2a and type 2b progenitors (12) , in which type 2b express NeuroD1 and type 2a do not. Therefore, using a unique combination of endogenous markers-GFAP, Sox2, K i -67, and NeuroD1-and the current neurogenesis model for the initial phases of neuronal development of dividing progenitors (12) + cells (Fig. 3A) . A significant number of K i -67-IR cells were types 1, 2, and 3 progenitors (74.7% in controls vs. 70.2% in the alcohol group; P > 0.05, unpaired t test; Fig. 3 B-D, F, and G) . (Fig. 3G) , in which alcohol decreased the number of actively dividing type 1, type 2a, and type 2b progenitors compared with the control group (P < 0.01, unpaired t tests). Additionally, separate analysis by two-way analysis of variance (ANOVA) confirmed a significant effect of alcohol on neuronal development, in which alcohol significantly reduced only type 2a progenitors (F 4,25 = 21.6, P < 0.01, Bonferroni's post hoc test; Fig. 3G ). Alcohol did not significantly alter type 3 progenitors, and alcohol exposure did not significantly change K i -67-IR cells that were none of these cell types (Fig. 3G) .
Discussion
The present study used an Old World monkey model of heavy, binge drinking that produced high BALs equivalent to human BALs during intoxication (and above the legal limit for driving a car), showing that chronic alcohol consumption during adolescence decreases hippocampal neurogenesis. Prior studies using rodent models have demonstrated alcohol-induced decreases in hippocampal neuroplasticity during adulthood (7), but very few studies have explored the neurobiological and behavioral effects of alcohol in adolescents (6, (39) (40) (41) (42) . Given the short adolescent window in rats, adolescent nonhuman primate models of acute or chronic alcohol drinking are particularly useful in modeling distinct patterns of alcohol use in humans that range from casual drinking to alcohol dependence (25, 34) . Our study is unique in that all monkeys received initial alcohol exposure to balance the groups on initial alcohol preference. Thereafter, one group was maintained on alcohol for an extended period of 11 mo. Brain measures for neurogenic and neurotoxic markers were analyzed after 8-10 wk of abstinence. It is possible with this model that the magnitude of differences between controls and alcohol-maintained monkeys was less than might be observed with completely alcohol-naive controls or if animals were killed after a shorter discontinuation interval. This possibility makes it all the more impressive that changes were observed after 2 mo of abstinence from chronic alcohol drinking. This result shows that mechanisms of lasting damage may be triggered relatively early within the context of a multiyear or multidecade pattern of human alcoholism.
The present data also suggest that alcohol-induced changes in neurogenesis may precede and possibly cause the neurodegeneration and hippocampal deficits that have been associated with later adult alcoholism. Chronic binge alcohol consumption in this study produced no change in hippocampal apoptosis but increased neural degeneration, an effect that was evident months after cessation of alcohol consumption. These results show that chronic alcohol consumption decreased neuronal turnover in the hippocampus, thereby producing persistent effects on the hippocampal neurogenic niche.
Alcohol consumption in this model clearly decreased K i -67-IR proliferating cells. Mechanistically, several pathways may be involved in alcohol's effect on proliferation in the adolescent hippocampus. For example, alcohol could alter how proliferating progenitors cycle through the cell cycle. Notably, the cycling cells in the postnatal hippocampus are not homogeneous, and the process of postnatal neurogenesis is an uncoordinated cluster of developmental stages that progress in parallel, including cycling cells that are radial glia-like (type 1), preneuronal (type 2a), intermediate (type 2b), and early neuronal (type 3) (12) (Fig. 3A) . Therefore, alcohol could alter the cell cycle of a distinct type of dividing progenitor or the specific cell cycle phase of all types of dividing progenitors. Although studies in rats show that single or acute binge alcohol exposure during adolescence decreases S phase cells specifically without altering the proliferating pool of progenitors (6), one may speculate that altering cell cycle events may precede the decrease in the proliferating progenitor pool seen with chronic binge exposure (present results). Although a time course of alcohol exposure with simultaneous quantification of S phase cells and the progenitor pool is necessary to support this hypothesis, the present and previous results (6, 40) suggest that this may be a valid mechanism.
In addition to demonstrating that the proliferating progenitor pool in the adolescent nonhuman primate hippocampus is decreased by chronic alcohol exposure, the specific cycling cell types that were affected by alcohol were identified. For example, radial glia-like (type 1), preneuronal (type 2a), intermediate (type 2b), and early neuronal (type 3) cycling cell types in the nonhuman primate hippocampal SGZ were distinctly labeled on the basis of previous combinatorial labeling in adult rodent studies (12, 38) . K i -67-IR was used as a key marker for actively dividing type 1, type 2, and type 3 proliferating progenitors for two reasons. First, in rodents, K i -67 is expressed in type 1, type 2, and type 3 cells (38, 43) . Second, the short half-life of K i -67 and maximal colabeling with 2-h BrdU-IR cells (44, 45) indicate that almost all K i -67 cells are nonquiescent, actively dividing progenitors. Therefore, by incorporating previously published and our unique combinations of the endogenous cell cycle marker K i -67 with GFAP, Sox2, and NeuroD1, the present results in nonhuman primates demonstrate that most of the K i -67-IR cells (>70%) were a collection of types 1, 2, and 3 cells. Chronic alcohol exposure specifically decreased the number of proliferating cells that are radial glia-like type 1, preneuronal type 2a, and intermediate type 2b, without significantly altering early neuronal type 3 cells. Alcohol did not significantly alter the number of K i -67-IR cells that were not type 1, type 2, or type 3. The phenotype of K i -67-IR cells that were none of these cell types could be glial or endothelial hippocampal progenitors because, unlike in the rodent, the proliferative hippocampal zone in nonhuman primates generates a substantial number of cells that are endothelial, oligodendrocytic, and astrocytic (26) . Altogether, the present data demonstrate the unique finding that chronic binge alcohol consumption decreases hippocampal neurogenesis by , and none of these cell types (F). Four panels for each cell type are shown indicating single-labeling of each marker, followed by a merge panel. Orientation of each of these panels is indicated by granule cell layer (GCL). Arrowhead in B points to a type 1 cell. Arrowhead in C points to a type 2a cell. Arrowhead in D points to a type 2b cell. Arrowhead in E points to a type 3, and in F, to a K i -67-IR cell that was none of these cell types. Arrow in B points to a K i -67-IR type 2a cell next to type 1 cell. [Scale bar in F merge, 10 μm (applies also to B-F).] (G) Quantitative data of calculated cell types that were type 1, type 2a, type 2b, type 3, or none of these cell types. Two separate analyses were performed to analyze significant differences between alcohol and control animals. First, unpaired t test revealed significant differences between control and alcohol animals with only type 1, type 2a, and type 2b cell types. Type 3 cells and cells not classified as any of the cell types (neither) were not significantly different from alcohol animals. Second, two-way ANOVA revealed a significant effect of alcohol on only type 2a cells. Data are expressed as mean ± SEM (n = 3-4 per group). *, P < 0.05, compared with controls by unpaired t test; # , P < 0.01, compared with controls by two-way ANOVA followed by Bonferroni's post hoc analyses.
initially altering the precursor cell pool, followed by altering the transition of developmental stages of proliferating progenitors from glial to neuronal phenotypes. Whether the altered types 1 and 2 cells of proliferating progenitors harbor specific receptors or neurochemicals that are exclusive to alcohol's neuropharmacology is yet to be determined and will be a highly productive pursuit for future studies.
The quantitative analyses demonstrate a greater decrease in differentiation and immature neurons than proliferating progenitors. The data suggest that the abnormal decrease in the percentage of actively dividing progenitors that were preneuronal cell types (types 1 and 2) resulted in a greater reduction in maturation and survival of postmitotic cells. This effect of alcohol is not exclusive to nonhuman primates and could be generalized to all mammalian hippocampal progenitors to conclude that hindered proliferation may preferentially contribute to neuronal loss in alcoholics (6, 17) .
Reduced hippocampal neurogenesis after chronic binge alcohol consumption did not produce significant hippocampal degeneration. A few factors, such as time of sacrifice after the last alcohol consumption, the model of alcohol consumption, sex differences, and age, may have contributed to the lack of a significant effect (7) . For example, the persistent decreases in hippocampal neurogenesis seen months after the last alcohol exposure may bring about significant hippocampal degeneration at a much later time point during abstinence. Despite the lack of immediate significant effects on granule neurons, lower levels of neurogenesis may subsequently promote hippocampal neuronal loss through multiple mechanisms.
Studies in rodent models have suggested that alcohol reduces proliferation and neurogenesis in the adolescent and adult hippocampus through increased cell death (6, (46) (47) (48) . Active programmed cell death (apoptosis) and neural degeneration were analyzed in the present study. Chronic binge alcohol consumption continued to increase neural degeneration months after abstinence but did not increase apoptosis. These data indicate that changes in apoptosis are short-lived, alcohol's effects on degeneration were lasting, and cells may die through other cell death pathways. For example, long-term exposure to moderate or high alcohol levels may produce cell death via necrosis (46) , which could underlie the permanent effects of alcohol on hippocampal volume and morphology. One of the several possible mechanisms for alcohol-induced neurotoxicity may be attributable to alcohol's modulation of hypothalamic-pituitary responsiveness by nitric oxide-generating systems (49) . For example, alcohol may regulate nitric oxide synthase, a rate-limiting enzyme for nitric oxide to increase local nitric oxide levels, thus producing neurotoxicity (50, 51) . Although a few articles support these hypotheses, a consensus mechanism for alcohol's neurotoxicity has yet to be demonstrated. Nevertheless the current and prior evidence suggests that acute alcohol consumption may first initiate programmed cell death, an effect that is then followed by passive nonprogrammed degeneration of neurons with increasing alcohol exposure (6, 48) .
The cellular alterations produced by chronic binge alcohol consumption in a nonhuman primate model may underlie some of the behavioral effects of alcohol drinking in humans. Alcohol abuse in humans produces cognitive deficits on tasks that may be at least partially dependent on hippocampal circuitry. These include increased evidence of impulsivity as well as deficits in spatial learning, short-term memory, and executive function (52) . The present results suggest that alcohol-induced reductions in hippocampal neurogenesis during adolescence may lead to hippocampal degeneration as one of several factors that may increase the vulnerability to alcohol use disorders (53) .
Materials and Methods
Subjects. Seven adolescent male rhesus monkeys (Macaca mulatta, Chinese origin; ≈4-5 years of age; mean weight, 7.7 kg at the beginning of the study) were included in the study. Animals were pair-housed and fed in their home cage after completion of the daily behavioral and ethanol sessions. Chow (Lab Diet 5038, PMI Nutrition International) was supplemented with fruit or vegetables 7 d/wk, and water was available in the home cage. Animals were immobilized with ketamine (5-10 mg/kg, i.m.) no less than semiannually for routine care and health monitoring. All monkeys were subjected to behavioral testing (i.e., visiospatial and working memory tasks) during alcohol exposure (manuscript submitted). National Institutes of Health guidelines for laboratory animal care (54) were followed, and protocols were approved by the Institutional Animal Care and Use Committee of The Scripps Research Institute.
Ethanol Induction/Group Assignment. Oral ethanol self-administration (SI Materials and Methods) was induced using a procedure in which the concentration (%) or amount (g/kg) of ethanol in a palatable solution was gradually increased over a series of daily limited-access sessions that identify stable individual preferences for ethanol (Fig. 1A) (34) . All seven monkeys were initially given the opportunity to consume alcohol. Alcohol sessions were thereafter discontinued in the control animals, and maintenance of drinking was continued in the alcohol group throughout the study. Blood alcohol levels (SI Materials and Methods) were analyzed with an Analox AM1.
Tissue Preparation. Blocks of fixed brain tissue (SI Materials and Methods) were cryoprotected in 30% sucrose, after which they were sectioned coronally on a freezing microtome into 40-μm sections. Hippocampal sections were serially collected in six wells and stored in PBS containing sodium azide (0.1%) for subsequent use. Every 30th section through the hippocampus was used for quantitative and qualitative analyses (26) .
Antibodies and Immunohistochemistry. The following primary antibodies were used for immunohistochemistry (IHC): K i -67, GFAP, NeuroD1, Sox2, PSA-NCAM, and AC-3 (SI Materials and Methods). For single labeling and quantification the DAB calorimetric method was used. The fluorescent labeling (SI Materials and Methods) pattern mimicked the DAB staining pattern for all antibodies tested. Care was taken to avoid possible cross-reactivity between goat anti-Sox2 and goat anti-NeuroD1 staining. For example, staining for K i -67 separated NeuroD1 and Sox2, such that goat serum was added during K i -67 staining to prevent any cross-reactivity for the second anti-goat antibody. Omission or dilution of the primary antibodies resulted in a lack of specific staining, thus serving as a negative control for antibody experiments.
Fluoro-Jade C Staining. Fluoro-Jade C staining (SI Materials and Methods) was performed as previously described (48) .
Data Analysis. Alcohol self-administration data and K i -67, NeuroD1, PSA-NCAM, AC-3, and FJC data comparing alcohol self-administering and control groups were analyzed by Student's t test. Phenotypic analyses were performed using two-way analysis of variance (ANOVA) using GraphPad Prism version 5 and SPSS software. All analyses were followed by Bonferroni's or Tukey's post hoc tests. Values of P < 0.05 were considered statistically significant.
